We have developed a protocol to evaluate, prospectively, patients with spinal muscular atrophy (SMA) so that the natural course may be defined and treatment efficacy measured. A fixed myometry system with a sensitivity of 0.5 kgs. of force was used to eliminate the subjectivity experienced with manual muscle testing and handheld dynamometry. Thirteen patients were evaluated weekly for twelve weeks by the clinical evaluators (CEs). Intrarater reliability was established by demonstrating that repeated measurements by the same examiner were consistent. The CEs examined patients at each of the participating institutions on three separate occasions. Interrater reliability was demonstrated by showing that the strength evaluations made on the same subject by different evaluators did not differ significantly. The fixed myometry system was found to be a highly reliable method for evaluating very weak muscle groups in patients with SMA.
Introduction
SMA is thought to be a heterogeneous group of genetic syndromes, manifested by progressive weakness, secondary to a selective dysfunction of the anterior horn cells of the spinal cord. The entity was first described by Werdnig in 1891, and less severe forms were described by Wohlfart in 1955 and Kugelberg and Welander in 1956 (1, 2) . Attempts to develop classification schema that would lead to realistic prognoses and rational rehabilitation programs have been disappointing (3) (4) (5) (6) (7) (8) . To date, the classification systems have been based on age of onset, severity of disease, or highest functional skill attained. None of these systems have successfully described the course of disease in enough detail to allow the establishment of a treatment program. Our objectives were to develop a reliable and sensitive method of evaluating muscle strength and to define the natural course of spinal muscular atrophy (SMA).
Manual muscle testing has been reported to be imprecise by several investigators (9, 10) . Many factors can cause variation in the measure of muscle strength, including examiner bias and experience (11) . For our study, a quantitative method of measuring strength was sought. Hosking (12) used a handheld dynamometer and reported a high reliability (r >_ 8) in repeated strength measurements. Bohannon (13) found a good to high test-retese reliability of a handheld dynamometer in a single test session with neurologically impaired patients. On the other hand, Byl (11) reported that interrater reliability was achieved using handheld dynamometry, but the reliability was even greater when additional stabilization by the examiner was utilized. We chose a fixed monitor system to eliminate examiner bias. Here we describe the design of a multicenter study and show the reliability of a newly developed method of evaluating muscle strength in these patients.
Methods
The organizational structure was modeled after the Collaborative Investigation of Duchenne Dystrophy (CIDD) Group (14, 15) . Each testing center, consisting of a physician and clinical evaluators, operated iridependently within the protocol parameters. The Project Director was responsible for coordinating operations. The Data Coordinating Center was responsible for data forms, processing, and statistical analysis of all data. Meetings were held three times a year to evaluate interrater reliability, review data, and plan for the next phase of the study.
Criteria for Patient Inctmion/ExcIzcsion
This study was approved by the Investigational Review Boards of each medical center. The patients signed an informed consent prior to entering the study. Inclusion criteria were: (1) weakness; (2) denervation as determined by EMG and/or muscle biopsy; (3) over the age of five years. The exclusion criteria were: (1) onset of weakness after the age of eighteen years; (2) nerve conduction velocity greater than two standard deviations below the mean for the patient's age; (3) muscle biopsy found to be normal or myopathic; (4) sensory deficit noted on physical examination; (5) evidence of other systemic disease.
Examination
The examination of the patients was divided into five categories: (1) range of motion; (2) pulmonary function ; (3) fine motor movement (Figures 1 and 2); (4) bulbar function; (5) muscle strength. Isometric tests of hand grasp, knee extension/flexion; shoulder abduction/adduction, and elbow extension/flexion were done bilaterally. The complete evaluation lasted approximately 60-90 minutes. Each center followed the same testing protocol and testing order, and utilized identical equipment and examination forms.
The software program written for this project required calibration of the equipment on a daily basis. Strength was measured by a digital force gauge, the Chatillon myometer ( Figure 3 ). The signal was converted, amplified, and stored in the computer. Except for hand grasp measurements, lever arm measurements were taken from specified joint landmarks to the center of the myometer pad/strap ( Figure 4 ). Since each measurement made was not actually a force measurement but a torque measurement, we made adjustments for the distance of the lever arm. As torque = force x lever arm, we divided the torque measurement by the lever arm measurement to obtain the force measurement. Standardized positioning facilitated accurate replication of the testing procedure.
Patient Popnation and Procedure for Determining Reliability
For the intrarater reliability study, each subject was measured by the same set of evaluators. Thirteen subjects were evaluated twelve times, at 7-10 day intervals (Table 1 ). We assumed that the strength of SMA patients would not change over a short period of time such as three months. The CEs were instructed not to review the strength data at any time during this phase of the project. A repeated measures analysis of variance was calculated on each lever arm, muscle torque, and muscle force measurement. The univariate repeated measures model was used, so the Greenhouse-Geisser adjustment for nonsphericity of errors was made for the F-test for visit-to-visit variation. An intraclass correlation was used to investigate reliability as described by intrarater testing, a high ICC proportion indicates that the visit-to-visit variation was small.
The interrater reliability testing involved the comparison of measurements on the same patient by each group of clinical evaluators. During the team meetings, patients from the host institution were evaluated independently by the CEs from the two visiting institutions; two patients from center 1, four from center 2, including two &dquo;normal&dquo; patients, and six patients from center 3 participated in this part of the study (Table 2) . A twoway mixed effects analysis of variance (ANOVA) was used with a subsequent calculation of intraclass correlation coefficient for each lever arm, muscle torque, and muscle force measurement as described by Fleiss (17) . In this analysis, subjects were considered a random effect and evaluators were considered as a fixed effect. A high ICC proportion indicated that the raters were finding comparable measurements.
Results of Reliability Testing Intrarater Reliability
The F-test for the lever arm, muscle torque, and muscle force measurements for the thirteen subjects Table 3 . Intrarater relia6ility results: Lei~er-arm mc~t<rem6nt5 'Adjustment to the numerator and denominator degrees of freedom on the F,test for visit effects have been adjusted using the Greenhouse-Geisser epsilon.
the intraclass correlation coefficient for the repeated measures analysis was calculated according to methods described by Crowder and Hand.21 Table 4 . Intrarater reliability results: Muscle torque measurements (unadjusted for lever-artn lengths) 1 Adjustment to the numerator and denominator degrees of freedom on the F-test for visit effects have been adjusted using the Greenhouse-Geisser epsilon. 2 The intraclass correlation coefficient for the repeated measures analysis was calculated according to methods described by Crowder and Hand21.
at SAGE Publications on December 7, 2012 nnr.sagepub.com Downloaded from Table 5 . Jntratrater reliability results : Muscle force measuremenu (adjusted for lever-arm lengths) I Adjustment is made by dividing the torque measurement by the appropriate lever arm length expressed in centimeters. 2 Adjustment to the numerator and denominator degrees of freedom on the F-test for visit effects have been adjusted using the Greenhouse-Geisser epsilon. 3 The intraclass correlation coefficient for the repeated measures analysis was calculated according to methods described by Crowder and Hand)&dquo;
were highly significant, confirming that at least one pair of patients tested were different and, therefore, our procedure for evaluating strength in SMA patients was sensitive (Tables 3-5 ). The F-test and P value results for the clinical evaluators were not significant, consistent with the empirical observation that the strength of patients with SMA does not change over a short period of time and that the evaluations by the CEs were consistent.
Further, the ICC for the lever arm, muscle torque, and muscle strength measurements were all above 0.8, allowing us to conclude that this technique showed intrarater reliability.
Interrater Reliability
The F-test for the three measurements for the subjects were all significant, confirming that each subject was different, further verifying that the muscle strength evaluation procedures were sensitive (Tables 6-8 ). The F-tests for the evaluators were nonsignificant in all but six measurements, which were left shoulder lever arm measurement, torque and force measurements of right knee flexion, torque and force measurements of right shoulder abduction, and force measurement of left elbow flexion. On the other hand, the intraclass correlation coefficient for the thirty-two tests used to determine interrater reliability was more than 0.8 for all measurements, suggesting that those examiners who made observations different from other examiners were either consistently high or consistently low. A review as to why six of thirty-two measurements were not consistent was undertaken. The torque and force measurements of the right shoulder abduction muscle groups of a ten-year-old boy with SMA by team III were deviant. The team had commented that nearby construction was extremely distracting during the exam, making the examination difficult. The F-test for differences among the evaluators for the left shoulder lever arm measurement was significant at the .05 level. Further analysis revealed that team II was significantly different from team III, but there was no significant difference between teams I and III, nor between teams I and II.
The inconsistent observations for right knee force and torque measurements related to one five-year-old normal boy. Team II evaluators noted that he seemed to be tired and was not putting forth much effort. Teams I and III, who had examined him previously, felt that his effort was extraordinary. The F-test for differences among evaluators for left elbow flexion force measure- ment was significant at the p = 0.02 level. Team II was significantly different from team I as well as from team III. This was the only significant deviation for which there was no obvious explanation.
Discussion
We have described a protocol for the prospective evaluation of SMA patients. We have previously shown that our methods of determining strength were valid and sensitive to as low as 0.5 kg. The purpose of multicenter clinical studies is to increase the &dquo;power&dquo; of the study by increasing the number of patients/subjects participating. This purpose may be undermined and the power of the study canceled by inconsistencies in protocol or data recording. Therefore, it is important for investigators in such studies to establish and maintain the reliability of their methods.
There are two types of reliability: intrarater, whereby each examiher/evaluator must be consistent in his/her methods; and interrater, whereby all evaluators must make the same observation in ~the same way. Such reliability should be established at the beginning of the study at SAGE Publications on December 7, 2012 nnr.sagepub.com Downloaded from Table 8 . lnterrater reliability results: Muscle force measurements (adjusted for lever-arm lengths) I Adjustment is made by dividing the torque measurement by the appropriate lever arm length expressed in centimeters. at the same time that the methods are proved valid and sensitive.
The results of the present study establish the reliability of our methodology, The intrarater reliability data showed consistency from one examination to another for all evaluations. The interrater reliability data showed that six of thirty-two observations were deviant. A review of this data resolved all observations but one. The procedures were reviewed and future reliability testing was indicated. Although interrater reliability studies are expensive and inconvenient for patients and evaluators, multi-institution studies should not be implemented until they are performed.
